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INTRODUCTION 
Fungus spores are nucleated portions of the cytoplasm 
which are delimited from the body of the organism, the vegeta­
tive mycelium. There is no clear-cut definition of a spore. 
Spores may be sexual or asexual, motile or air-borne, 
multi-nucleate or uni-nucleate, hyaline or colored. Whatever 
their nature, fungus spores function primarily as specialized 
units for dispersal, survival, or reproduction of the organism. 
Only one group of fungi, the Phycomycetes, have asexual motile 
cells called zoospores. Classification within the Phycomy­
cetes is based upon asexual spore morphology and on the num­
ber and structure of the attached flagella. 
Zoospores are delimited within and released from asexual 
reproductive structures called sporangia. Most Phycomy-
cetous sporangia are produced at the apicies of tubular exten­
sions from the mycelium. In most sporangial producing fungi 
the sporangium remains permanently attached to the vegetative 
mycelium. But in some species in one group of Oomycetes, 
the Peronosporales, the sporangia are detached and dissemi­
nated by the wind. In this way the sporangium itself acts as 
a spore. This ability of sporangia can result in wide disper­
sion of the fungus within a single season. Peronosporales 
with such detachable sporangia are very successful plant path­
ogens. 
The sporangia of many Peronosporales have the ability 
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to germinate in either of two ways. In direct germination 
the sporangium develops a germ tube which is able to infect 
and parasitize a new host. In indirect germination the sporan-
gial contents are delimited into many uni-nucleate zoospores. 
When zoospores are released, they swarm for a short time, 
encyst, and then each produces a germ tube. This versatil­
ity enables these fungi to invade their hosts under a wide 
range of environmental conditions. Because of the dissemina-
tive ability and germinative versatility of sporangia in the 
Peronosporales, this group includes some of the most destruc­
tive parasites ever known. 
The research described in this thesis is a study of 
zoospore morphology and the morphological changes which occur 
during zoospore encystment. Phytophthora infestans (Mont.) 
De Bary was chosen as the experimental organism because of 
its important role in the epidemiology of disease. Late 
blight of potato, the disease incited by Phytophthora 
infestans. reaches epidemic proportions much more rapidly when 
spread by zoospores. Zoospores, because of their fragile 
nature, represent a stage in the life cycle of the fungus 
which is especially vulnerable to environmental influences. 
Detailed information about zoospores may provide clues to the 
plant pathologist for future control of this notorious 
pathogen. Since the process of zoospore encystment can be 
induced at will and is accessible to analysis, it appears 
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to be a good system for the study of eucaryotic cellular 
differentiation. 
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LITERATURE REVIEW 
Sporangial Germination 
Evidence presented "by several investigators (Bary, 
1863; Ward, 188?; Jones, et 1912) revealed that sporangia 
of Phvtophthora infestajis (Mont. ) De Bary are capable of 
germinating either directly by germ tube development or 
indirectly by zoospore production, Melhus (1915) reported 
that environmental temperature determines the manner of 
germination. Direct germination occurs at 24° C. Indirect 
germination occurs at 12° C, Six to 12 laterally bi-flagel-
late zoospores are released from each sporangium within 30 to 
90 minutes after induction of germination at 12° C (King, 
et al. 1968; Eisner, et a2. 1970). 
Zoospore Behavior 
After release zoospores remain for a few seconds near 
the empty sporangial case and then swim rapidly away (Ward, 
I887), In laterally bi-flagellate zoospores the anterior 
flagellum is directed forwards and the posterior flagellum 
is directed backwards (Ho and Hickman, I967). The function 
of each flagellum in zoospore movement has been a contro­
versial subject. Couch (1941) reported that both flagella 
are active in the propulsion of the zoospores, each undu­
lating in a different plane. McKeen (I962) suggested, 
however, that the posterior flagellum propels the zoospore 
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forward, while the anterior flagellum serves as a rudder. 
A recent study of Phytophthora megasperma zoospores under 
dark field illumination revealed that during normal move­
ment the zoospore slides smoothly while rotating along its 
longitudinal axis. When an obstacle is encountered by the 
anterior flagellum the zoospore makes a 90° turn by a vigor­
ous beating of its posterior flagellum (Ho and Hickman, I967). 
The encystment of bi-flagellate zoospores is prefaced by 
marked changes in motility. Zoospore movement becomes jerky 
and irregular. There is a vigorous vibration of the zoospore 
body and flagella as beads are formed at the base and move to 
the flagellar tip (Ho and Hickman, I967), The flagella with 
beads are either retracted into the zoospore or become 
detached and float away (Reichle, 1969a). Shortly after 
the flagella have disappeared and the cell has changed from 
an ovoid to a spherical shape, a cell wall forms. The 
encysted zoospore remains unaltered for an hour before 
developing a germ tube (Ward, 1887). 
Zoospore Morphology 
Cell shape and surface 
Free-swimming laterally bi-flagellate zoospores of 
Phytophthora have been described as reniform, bearing the 
flagella on the concave side. Examinations of zoospore 
morphology of Phytophthora megasperma by interference con­
trast and electron microscopy revealed that a groove runs 
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from the anterior to the posterior end, parallel to the 
longitudinal axis of the zoospore body. The groove is 
shallow at each end and deep in the center where it appears 
as though overarched by outgrowths of the zoospore body. The 
two flagella are inserted at a common point within the deep 
part of the groove slightly nearer to the anterior than the 
posterior end (Ho, e_t al. 1968a; 1968b), The zoospore body 
is bounded by a unit membrane which appears smooth or 
slightly undulating (Ho, et al. 1968b; Reichle, 1969b). 
Locomotor apparatus 
The locomotor apparatus in fungi is similar to that 
in other eucaryotic organisms (Sleigh, I962). It can con­
veniently be divided into three parts; the flagellar axo-
neme, the kinetosome (basal body, blepharoplast), and the 
structures attached to or associated with the kinetosome. 
As in other eucaryotic motile organisms, the flagellar 
axoneme of fungus zoospores is composed of a peripheral 
ring of nine double fibrils and two single central fibrils 
(Cantino, et al. I963; Ho, et al. 1968b; Reichle, 1969%). 
The entire axoneme is enclosed by a membrane sheath which is 
continuous with the plasma membrane of the zoospore body 
(Fuller, 1966; Reichle, 1969b). The existence of fine 
lateral projections, the mastigonemes, on flagella has 
been reported in a number of zoospores (Manton, et al. 1951î 
Fuller and Reichle, I965; Kole, 1965; Vujicic, et al. I968; 
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Reichle, 1969b). Shadowed preparation of Phytophthora 
infestans zoospores revealed that the anterior flagellum 
"bears mastigonemes "but the posterior one does not (Ferris, 
195^; Kole and Horstra, 1959)» Kole and Horstra (1959) 
concluded that mastigonemes of Phytophthora infestans arise 
from the axoneme and not from the surrounding membrane sheath. 
In some species of Phytophthora the posterior flagellum 
also bears projections but these are much finer than 
mastigonemes (Vujicic, et sJl, I968; Des jardins, et a2. I969). 
The kinetosomes are located at the base of each fla­
gellar axoneme just inside the zoospore body. Each kinetosome 
is composed of nine sets of triplet fibrils. Both kinetosomes 
of Phytophthora zoospores (Ho, et al. 1968b; Reichle, 1969b) 
resemble those previously described for other fungus zoospores 
(Cantino, et al, 1963; Berlin and Bowen, 1964; Renaud and 
Swift, 1964; Fuller and Reichle, I965). Reichle (1969b) 
reported that kinetosomes in Phytophthora parasitica lie at 
an angle of approximately 90° to each other and are located 
close to the surface of a slightly raised portion in the 
groove of the zoospore. 
Various structures attached to or associated with the 
kinetosomes have been reported in a number of fungi (Berlin 
and Bowen, 1964; Cantino, et al. I968; Fuller and Reichle, 
1968; Reichle, 1969b; Temmink and Campbell, 1969a), According 
to Reichle (1969b) each kinetosome in Phytophthora parasitica 
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zoospores has two rootlets. He suggested that a short 
rootlet anchors the kinetosome to the plasma membrane and 
a long rootlet serves as a "back-bone" for the zoospore 
body. Ho, et s^. (1968b) reported no such kinetosome attach­
ments in Phytouhthora megasperma zoospores. 
Cytoplasmic organelles and inclusions 
The ultrastructure of fungus zoospores has been dis­
cussed by Cantino, et a2. 1963; Fuller and Reichle, 1965; 
Fukutomi and Akai, I966; Bracker, 196?; Reichle and Fuller, 
1967; Fuller and Reichle, I968; Ho, et al. 1968b; Hill, I969 
Reichle, 1969b; Soil, ejfc aJ.. I969; Temmink and Campbell, 
1969a, Heath, et aJ,. 1970. Although fungus zoospores 
are relatively simple compared to other eucaryotes, they 
possess numerous cytoplasmic organelles and inclusions. In 
general various types of vesicles, endoplasmic reticulum, 
lipid, cytoplasmic microtubules, and Golgi are widespread 
cytoplasmic components; nuclei, kinetosomes, ribosomes, and 
mitochondria are ubiquitous; plastids are absent. 
Fungus zoospores are typically uni-nucleate, A large 
pear-shaped nucleus occupies the central part of the 
zoospore with the narrow end conspicuously oriented toward 
the kinetosome (Fuller, I966; Cantino, et a2. I968; Ho, 
et al. 1968b, Reichle, 1969b). The nucleus typically con­
tains a nucleolus and is surrounded by a nuclear envelope 
(Fuller, 1966), In the uni-flagellate zoospores of 
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Blastocladiella emersonii, the nucleus is partly surrounded 
by a nuclear cap (Reichle and Fuller, 196?) which is composed 
of ribosomes (Lovett, I963). Although Marks (I965) reported 
the presence of a "capped" nucleus in a cytological study of 
Phytophthora infestans zoospores, no structure similar to 
the nuclear cap has been found in ultrastructural studies 
of bi-flagellate zoospores (Ho, £t al. 1968b; Reichle, 1969b), 
Based on morphological (Hawker, I965) and biochemical 
(Zalokar, I965) similarities, mitochondria in fungi are 
assumed to be functional equivalents of those in plants and 
animals (Bracker, I967). In bi-flagellate zoospores 
mitochondria are located along the periphery of the cell and 
appear round, oblong, or dumb-bell shaped depending on the 
plane of secton (Reichle, 1969b). They are double membrane-
bound and contain many narrow, elongate aristae which lie 
in parallel array (Ho, et al, 1968b), 
Golgi bodies with parallel cisternae and dilated edges 
have been reported in a number of fungus zoospores (Fuller 
and Reichle, 1965; Reichle 1969^), Dilated secretory 
vesicles may be attached or adjacent to the cisternae. 
Several types of membrane-bound vesicles are distributed 
throughout the cytoplasm of bi-flagellate zoospores. Ho, 
et al, (1968b) and Reichle (1969b) described the contents of 
six different types of vesicles as crystalline, fibrous, 
membranous, tubular, or amorphous. Vesicles with a 
10 
crystalline content were more numerous than any other type 
in Phytophthora megasperma (Reichle, 1969%) and Phytophthora 
parasitica (Ho, ^  al, 1968b) zoospores. Mature sporangia 
contained similar vesicles; the "lipoidal vacuoles" in 
Phytophthora infestans (Eisner, et al, 1970) and the "lipo­
somes" in Phytophthora capsici (Williams and Webster, 1970). 
Crystalline vesicles were not found in Phytophthora infestans 
hyphae (Ehrlich and Ehrlich, I966) or in immature sporangia 
(Eisner, et al, 1970). Ho, et al. (1968b) reported that the 
number of crystalline vesicles increases with the age of 
the zoospore but Reichle (1969b) found that even very young 
zoospores were packed with these vesicles and noted no 
differences between crystals of old and young zoospores. 
Lipid bodies serve as reservoirs of compounds which are 
a potential source of energy to the cell (Fawcett, I966). 
Non membrane-bound lipid bodies are a common zoospore 
inclusion (Reichle and Puller, 1967; Cantino, et a2. I968; 
Hill, 1969; Reichle, 1969b; Temmink and Campbell, 1969a). 
Lipid bodies in Phytophthora parasitica zoospores appeared 
clustered and often coalesced (Reichle, 1969b). 
Membrane-bound granular bodies which are similar in 
size and shape to spherosomes (Wilson, et al, 1970) and 
are located along the zoospore periphery have been reported 
in Phytophthora megasperma (Ho, et a2. 1968b) and in 
Phytophthora parasitica (Reichle, 1969b). 
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Lomasomes are membranous aggregations which are found 
"between the plasma membrane and the cell wall. Speculations 
concerning the function of lomasomes include roles in 
secretion, wall formation, absorption by haustoria, membrane 
proliferation, and others (Bracker, 196?). Hemmes and Hohl 
(1971) reported the presence of lomasomes in the cyst stage 
of Phytophthora parasitica. These investigators suggested 
that lomasomes are not cell organelles but represent 
aggregations of excess membranous material resulting from 
the discharge of vesicles at the cell periphery during wall 
formation. When vesicles were inhibited from forming in 
cells treated with cycloheximide, lomasomes were conspicu­
ously absent. 
Morphological Changes During Encystment 
The events associated with zoospore encystment are 
poorly understood. Only two such events, the fate of the 
flagella and cell surface changes, have been reported in the 
literature to any extent. 
Fate of flagella 
Manton, et al, (1951) first raised the question of 
what happens to the flagella of Saprolegnia ferax during 
encystment between the first and second motile stages of 
the zoospore's life cycle. Shedding as well as retraction 
account for flagellar disappearance in fungus zoospores. 
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Retracted flagellar axonemes were first observed by Manton 
(1957) in zoospores of a brown alga. Since this early 
observation, many investigators have contributed data relating 
to the fate of flagella during encystment. Most of these 
investigations are reviewed by Kole (I965), Crump and 
Eranton (I966), Bracker (I967), and Koch (I968), Retracted 
axonemes have been observed within the body of several dif­
ferent species of uni-flagellate zoospores (Puller and 
Reichle, I965; Reichle and Fuller, 19^7; Fuller and Reichle, 
1968; Hill, 1969; Soil, et a2. 1969; Teiranink and Campbell, 
1969b). Based on accumulated phase contrast and electron 
microscopic observations, it is generally agreed that 
flagellar retraction rather than shedding accompanies 
zoospore encystment in uni-flagellate zoospores (Koch, I968), 
Reports of flagellar retraction in bi-flagellate 
zoospores are few (Rothert, 189^; Katsura, et al. 1956; 
Reichle, 1969a). Only one electron microscope observation of 
a retracted axoneme in a freshly encysted bi-flagellate 
zoospore has been reported (Reichle, 1969a). Reichle (1969a) 
reported that although most flagella of Phvtophthora 
parasitica zoospores are shed, 10 to 2595 retract their fla­
gella. Various forms of retraction occur, but the "vesicular" 
type (Koch, I968) was the most common pattern in Reichle's 
(1969a) investigation. Flagellar shedding rather than 
retraction was observed under phase contrast in Phytophthora 
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infestans zoospores (Ferris, 195^» Kole and Horstra, 1959)* 
Proposed mechanisms of retraction 
As early as 1894 Rothert recognized different patterns 
of flagellar retraction in fungus zoospores, Koch (1968) 
has presented a more recent account of flagellar retraction 
in a number of posteriorly uni-flagellate zoospores. He 
described four basic developmental patterns of retraction; 
"lash-around", "body-twist", "straight-in", and "vesicular". 
In the lash-around method of retraction, the flagellum wraps 
around the zoospore body. Their respective membranes fuse 
and the axoneme sinks into the cytoplasm. Flagellar 
retraction in Blastocladiella emersonii zoospores occurs in 
this manner (Reichle and Fuller, 1967). The body-twist 
method is similar to the lash-around mechanism. The fla­
gellum remains immobile as the zoospore body twists and 
effects retraction of the passive flagellum. Straight-in 
retraction is characterized by the shortening of a passive 
flagellum with the axoneme entering the non-rotating zoospore 
body at its point of attachment. Cantino, et a2. (1968) 
observed straight-in retraction and simultaneous nuclear 
rotation in encysting zoospores of Blastocladiella emersonii. 
In vesicular retraction the axoneme of the flagellum coils 
within an inflated flagellar membrane. Koch (I968) called 
the inflated membrane the flagellar vesicle. It is synonymous 
with the paddles, beads, swelling, and nob-like structures 
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reported by other investigators (Ward, 1887; Rothert, 1894; 
Ferris, 1954; Fuller and Reichle, 1965;, Kole, 1965; Colhoun, 
1966; Crump and Branton, I966; Ho and Hickman, 1967; Ho, et 
al. 1967; Koch, 1968; Vujicic, et al. I968; Reichle, 1969a). 
According to Koch (I968), coiling of the axoneme within the 
flagellar vesicle causes shortening of the flagellum. This 
coiling continues until the flagellar vesicle reaches the 
zoospore body. Then the vesicle merges with the plasma 
membrane and the coiled axoneme enters the zoospore body. 
There is much versatility in flagellar retraction. In 
addition to the four basic patterns, Koch (I968) reported 
many combinations of methods. 
Cell surface changes 
A study of wall formation in uni-flagellate zoospores of 
Blastocladiella emersonii (Soli, et al. I969) revealed that 
an electron-dense cell envelope forms beyond the plasma 
membrane within I5 minutes after zoospore encystment has 
begun. They tentatively identified this envelope as the 
initial cell wall. By 20 minutes the thickness of the layer 
external to the plasma membrane increased and appeared as 
a relatively electron-transparent area between an outer 
electron-dense area and the plasma membrane. Freely 
swimming bi-flagellate zoospores are surrounded by a unit 
membrane (Ho, et al. 1968b; Reichle, 1969b; Hemmes and Hohl, 
1971). A number of electron-transparent, flattened vesicles 
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lie parallel to and just below the plasma membrane (Reichle, 
1969b; Hemmes and Hohl, 1971). In Phyto-phthora parasitica 
zoospores initial wall formation occurs by the dissolution 
of these flattened vesicles. Golgi derived vesicles, 
which empty their contents to the outside, are involved 
in the final maturation of the cyst wall (Hemmes and Hohl, 
1971). 
16 
MATERIALS AND IVIETHODS 
Phvtophthora infestans (Mont.) De Bary culture #103 was 
obtained from Dr. J. R. Wallin, Department of Botany and 
Plant Pathology, Iowa State University, Ames. A test for 
pathogenicity was performed at the beginning of this study 
and the culture has remained virulent. 
Stock cultures were maintained at 12° C in 50 ml flasks 
which contained a soybean dextrose agar medium (1.5 g 
finely-ground soybean meal, 0,15 g dextrose, 0.22 g agar in 
20 ml distilled water). Transfers were made within a trans­
fer chamber and the fungus was maintained in pure culture. 
Working cultures were prepared by placing 1 inch 
pieces of fresh frozen cut green beans in test tubes. Dis­
tilled water was added to cover half of the bean. The test 
tubes and beans were autoclaved at 120° C for 15 minutes and 
allowed to cool. Then the aerial end of the green bean was 
inoculated with myoelia from the stock culture. Working 
cultures were maintained at 12 C° C and used as a source of 
mature sporangia. After 3 to 5 days* growth, germination by 
zoospore production was induced in the following manner. 
Mature sporangia were harvested by dipping the mycelium on the 
bean directly into vials which contained a few drops of 12° C 
distilled water. Sporangia released zoospores within 1 hour 
after induction of germination. 
Because of the semi-synchronous nature of encystment, it 
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was necessary to develop a technique to distinguish zoospores 
and characterize them in relation to the encystment process. 
Zoospores which had just been released into 12° C water were 
fixed in glutaraldehyde or potassium permanganate either 
immediately, 10 to 15 minutes after exposure to room tempera­
ture, or 30 minutes later. These times were selected to assure 
a large percentage of zoospores in the sample to "be in the 
desired encystment stage, Centrifugation at low speeds fol­
lowed fixation. The supernatant was removed and the zoospores 
were suspended in several drops of "buffer. For post-fixation, 
dehydration, and embeddment, zoospores were transferred to a 
mica slide, which was coated with a dried starch-agar mixture. 
This technique, which was modified from Sun (I97O), permitted 
observation of zoospores at low magnifications after embedd-
ment. Two drops of zoospore suspension were mixed with 2 
drops of 1% agar at 40° C. The zoospore-agar mixture was 
placed on a warm dried agar-coated mica slide, A wood appli­
cator stick was used to spread the suspension quickly and 
evenly over the slide in order to obtain a very thin agar 
envelope around the zoospores and to firmly attach them to the 
mica slide. After the agar had solidified, the slide was 
placed in an aluminum boat. Post-fixation with osmium 
tetroxide, subsequent washes, dehydrations, and embeddment 
were accomplished by pipetting the solutions. Details of 
fixation, dehydration, and embeddment are given in Appendix A, 
Infiltration with Epon occurred at room temperature over­
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night. Excess plastic was removed by carefully rolling it 
off the slide with a wooden applicator stick. Attempts were 
made to obtain the thinnest possible layer of plastic without 
tearing the embedded agar film. Polymerization was accom­
plished according to the schedule in Appendix A. 
After polymerization each mica slide v/as firmly attached 
to a glass slide by using double adhesive tape along the two 
ends. Under the light microscope at 400 X, individual 
zoospores representing a specific stage could be chosen and 
marked. This marking technique differed slightly from that 
used by Sun (1970). The specimen was centered in the field 
at 400 X using the high dry objective. The mechanical stage 
was locked in place and the objective moved to one side. If 
the condenser and the amount of illuminating light was 
adjusted correctly, a small circular area of light appeared 
around the zoospore. The location of the zoospore was easily 
marked by a series of dot-like depressions along the cir­
cumference of the circle of light. The depressions in the 
plastic were made with a specially prepared dissecting 
needle which was bent and sharpened to a fine point. The 
diameter of the marked circle.was approximately 1.5 mm and 
was easily seen under a dissecting microscope. Each zoospore 
was cut out of the plastic with a sharp razor blade and glued 
to a dummy block with epoxy cement. After the cement had 
hardened, specimens were trimmed to ^  x i mm trapazoids 
for ultramicrotomy. 
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In order to describe the morphology of the zoospore more 
accurately and completely, many serial sections of zoospores 
were prepared. A Dupont diamond knife and a Reichert ultra-
microtome were used to obtain the sections. It was possible 
to arrange two or three ribbons of sections parallel to one 
another and transfer them simultaneously to a grid or glass 
slide. Serial sections were cut at i p thickness and stained 
with paragon for bright field photomicroscopy. Sections 
40 to 70 nm thick were prepared for electron microscopic 
observations. Sections were picked up on 100 mesh formvar-
covered, carbon-coated grids and double stained for 10 minutes 
in methanol uranyl acetate (Stempak and Ward, 1964) and for 
l-g- minutes in lead citrate (Reynolds, I963) successively. 
Specimens were observed in an RCA EMU 3F electron microscope 
operated at 50 Kv. 
Photomicrographs of zoospore encystment in living cells 
under phase contrast microscopy were taken at a shutter speed 
of 1/100 second. This was effected by using a high intensity 
mercury arc lamp house with a heat absorbing filter in the 
optical axis. Phase contrast photomicrographs of flagellar 
paddles were obtained only after the zoospores had been fixed. 
This was achieved by adding a drop of 3^ glutaraldehyde to the 
zoospore suspension on the glass slide. The images were 
recorded on 4^ x $ inch sheets of Eastman Kodak Panatomic-X 
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film. Photography was accomplished by using a Leitz 
Ortholux microscope equipped with a 4 x 5 inch shuttered 
reflex film holding device. 
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OBSERVATIONS 
Zoospore Behavior 
Zoospore encystment in Phytophthora infestans occurs 
within 30 minutes at room temperature. In a given population 
of zoospores the encystment process is only semi-synchronous. 
Although the events in the life of the zoospore represent a 
continuum, the encystment process was arbitrarily divided 
into three stages; swimmer stage, round cell stage, and 
cyst stage. Zoospores are released within 1 hour at 12° C 
(Figure 1). Immediately after release from the sporangial 
case, zoospores appear to increase in size. At time zero, 
the time at which a freshly released population of zoospores 
was exposed to room temperature, 100^ of the zoospores were 
in the swimmer stage. At 10 minutes approximately 509^ were 
still in the swimmer stage, but 50^ were in the round cell 
stage. At 20 minutes ^0^ were in the round cell stage, and 
about 50^ had encysted. Almost all zoospores had encysted at 
30 minutes after exposure to room temperature. A fev/ 
zoospores in every population failed to follow the usual 
time sequences of encystment; some encysted immediately 
while a few others were still swimming at 30 minutes. The 
behavior of zoospores during encystment is complicated and 
variable. A description of the events as seen in living 
cells under phase contrast follows. 
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Freely swimming zoospores observed at room temperature 
glide rapidly and smoothly through water. The body of the 
zoospore is ovoid (Figure 26a and 26b) and rotates along its 
longitudinal axis as it moves forward. An abrupt change in 
direction usually occurs every 5 to 10 seconds. This type 
of motile behavior is characteristic of the swimmer stage. It 
lasts from 5 to 7 minutes after removal from germination 
conditions at 12° C. 
After 10 minutes exposure to room temperature, approxi­
mately 50?5 of the zoospores undergo notable changes in their 
motile behavior indicating the beginning of the round cell 
stage. Rather than swimming smoothly in one direction, 
zoospores in the round cell stage roll or tumble and change 
directions every few seconds. Their movements are jerky and 
intermittent. At times zoospores move slowly in circles, 
then stop, and circle in the opposite direction. During the 
course of this stage, which lasts from 10 to 20 minutes, the 
shape of the cell changes from ovoid to spherical (Figure 26c 
and 26d) and there is a great deal of cytoplasmic movement 
within the zoospore. Eventually the zoospore stops any 
movement through the water and shortly thereafter both its 
body and flagella begin to vibrate with spasmodic pulsations. 
This lasts only a few seconds and usually occurs several 
times. Presently a bead, a swollen knob-like structure, 
appears at the base of the flagellum and moves to its distal 
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tip (Figure 26c and 26d). This may be followed by a second 
and third bead and eventually the accumulated swellings give 
the flagellar tip the appearance of a table tennis paddle. 
The flagellum shortens and the paddle moves closer to the 
zoospore body. Meanwhile, a paddle has formed on the other 
flagellum and it also shortens (Figure 29a and 29b). The 
paddle structures are then either retracted into the zoospore 
body (Figure 29c) or become detached and float away (Figure 
26e and 26f). 
The disappearance of flagella and a completely spherical 
body shape indicate that the zoospore has encysted. The 
inability to see within the zoospore and the appearance of 
a textured surface suggest that the cyst is surrounded by a 
cell wall (Figure 26f). 
Morphology of the Swimmer 
Cell shape and surface conformation 
The free swimming bi-flagellate zoospore of Phytophthora 
infestans is comma-shaped and measures approximately lo u by 
6 )x (Figure 2 and 3)» The posterior end is more rounded 
than the pointed anterior end (Figure J), On the concave 
side is a deep depression or pocket which opens to the 
exterior (Figures 3» 4, and 5)» The pocket often extends to 
a depth of more than half the diameter of the zoospore body 
and can be detected at the light level using a phase micro­
scope (Figure 2). The pocket area is often surrounded by 
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small electron-transparent, membrane-bound vesicles which 
frequently show continuity with the plasma membrane giving 
the pocket a lacy appearance (Figure 6), There is no evi­
dence showing whether this results from pinocytosis or 
reverse pinocytosis. 
The slightly irregular cell surface of the free swimming 
zoospore is bounded by a single unit membrane. Electron-
transparent, membrane-bound vesicles appear as small swellings 
immediately beneath the plasma membrane (Figure 7). 
Locomotor aoraratus 
The two flagella emerge laterally from a slightly 
raised portion of the zoospore body immediately anterior to 
the pocket area (Figure 3, 4, and 5)» The anterior flagellum 
is directed forwards and the posterior flagellum is directed 
backwards (Figure 2). The plasma membrane of the zoospore 
body in continuous with the flagellar membrane which sur­
rounds each axoneme (Figure 8), Each axoneme is composed 
of a peripheral ring of nine double fibrils and two single 
central fibrils (Figure 8 and 12), 
Each kinetosorae is composed of the usual pattern of 
nine sets of triplet fibrils (Figure 9). The triplet is 
oriented at a slight angle to a tangent to the kinetosome 
cylinder. The kinetosomes are situated approximately 110° 
to each other and form a 75° angle with the longitudinal 
axis of the nucleus (Figure 8). Each kinetosome measures 
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200 nm "by 660 nm and terminates in a basal plate at its 
distal end (Figure 8). The edge of the basal plate is closely 
associated with the plasma membrane of the zoospore in the 
swimmer stage. 
In addition to the basal plate other structures are 
attached to or associated with the kinetosomes. Fibrillar 
structures which connect the two kinetosomes were often seen 
(Figure 8). An electron-dense circular structure appears 
to connect the tip of the nucleus with one kinetosome (Figure 
8). The exact nature of the nuclear connection or associa­
tion with the kinetosomes remains obscure. Immediately distal 
and apparently attached to the kinetosome a cylindrical 
structure 126 nm wide and 300 nm long extends into the 
flagellar axoneme. The nine doublet sets of fibrils surround 
the cylinder and the central pair of fibrils are within the 
interior (Figure 8 and 11). More distally there is no ring 
structure and only the typical 9 plus 2 arrangement of fla­
gellar fibrils was seen (Figure 8 and 12), 
Cytoplasmic organelles and inclusions 
The nucleus in the swimmer stage is pear-shaped with 
an almost conical small end. It is located adjacent to the 
pocket area and almost fills the anterior 1/3 portion of the 
cell (Figure 3)« The apex of the conical end is within 
450 nm of the plasma membrane and is associated with two 
kinetosomes from which the flagellar axonemes arise (Figure 
26 
5 and 3). The ribosome-filled nuclear cap characteristic 
of uni-flagellate zoospores of Elastocladiella emersonii 
(Reichle and Fuller, 196?) was not observed in Phytophthora 
infestans. Ribosomes were distributed throughout the cyto­
plasm. 
Polylobular lipoidal vacuoles are numerous and con­
spicuous components of the cytoplasm (Figure 4, 5f and 13). 
These bodies are membrane-bound and electron-transparent 
except for myelin-like, electron-dense lipid inclusions 
(Figure 14). 
Nonmembrane-bound, electron-dense lipid inclusions 
(Fukutomi and Akai, I966) were found throughout the cytoplasm 
but less frequently than the lipoidal vacuoles. Serial 
sectioning revealed that lipid inclusions always appear 
appressed to lipoidal vacuoles at some site along their 
periphery (Figure 4 and 13). 
Long profiles of smooth endoplasmic reticulum were 
observed throughout the cytoplasm. Such profiles were 
usually seen to be appressed to lipoidal vacuoles and mito-
condria at some point along their periphery (Figure 13 
and 14). 
Membrane-bound packets of tubules were observed in all 
zoospores stages. The tubules appear hollow and measure I5 
nm in diameter (Figure 4? and 48), Study of serial sections 
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indicated that the membranes surrounding the tubules are 
distended cisternae of smooth endoplasmic reticulum. The 
site of origin and termination of the tubular containing 
cisternae could not be determined. These small tubules are 
not to be confused with the larger microtubules of the 
spindle, cytoplasm, and locomotor apparatus. 
Mitochondria are located along the periphery of the 
zoospore body just under the plasma membrane (Figure 3» 
and 5)* The mitochondria are dish-shaped, thick discs with 
one side relatively flattened and the other concave (Figure 
13). 
Membrane-bound, moderately electron-dense bodies approxi­
mately 270 nm in diameter are found in all stages and are 
located along the zoospore periphery directly under the cell 
surface (Figure 4 and 7). They often contain one or more 
electron-transparent bars (Figure 7). Their size, location, 
and appearance suggests an identity with the spherbsome-
like bodies found in Phytophthora megasperma zoospores (Ho, 
et al. 1968b). 
Occasional swimming zoospores were seen that had four 
flagella and others that had six or more. Such zoospores 
had multiple structures throughout their anatomy; two 
nuclei, two pocket areas, etc. (Figure 5)' 
Morphology of the Round Cell 
Cell shape and surface changes 
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During the round cell stage the zoospore changes from 
an ovoid to a spherical shape. The open pocket is inter­
nalized or closed-over. Sections of round cells revealed a 
large vacuole within the body of the zoospore. The vacuole 
occupies the former pocket region of the swimmer stage (Figure 
32). Serial sections of several cells revealed no opening 
between the vacuole and the exterior of the cell. Thin 
sheets of cytoplasm extend and apparently close over the 
pocket area (Figure 32). 
Striking alterations of the zoospore surface accompany 
the changes in cell shape. Variously sized vesicles pro­
trude from the surface of the zoospore body. Some of these 
appear to open to the exterior while others appear to pinch 
off and float away. The protrusion vesicles were observed 
in living cells under phase contrast microscopy, in g y 
thick sections under bright field microscopy, and with the 
aid of electron micrographs. Three distinct types of 
vesicles were seen protruding from the cell surface and were 
classified on the basis of relative size and contents. 
Type A is the smallest of the protrusion vesicles. 
They appear as small bright blebs on the zoospore surface 
under phase contrast (Figure 15)• The contents stain 
positively with paragon (Figure 16). Electron micrographs 
revealed that type A vesicles are nonmembrane-bound and 
moderately electron-dense. Similar appearing bodies are 
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found within the interior of the cell (Figure 17 and 18). 
Serial sections demonstrate that some of these "bodies 
coalesce. 
Type B vesicle is the largest of the protrusion vesicles. 
These vesicles often number two or three per zoospore and 
attain huge proportions. They were observed many times to 
collectively exceed the volume of the zoospore body. They 
form first as small projections and gradually become larger 
and larger. They collapse after reaching a certain size or 
in other cases detach from the zoospore body and float away. 
The contents of these vesicles under light and electron 
microscopy appear transparent (Figure 19, 20, and 21) except 
for occasional small patches of electron-dense material 
(Figure 22). 
The protrusion vesicles designated as type C (Figure 
23 and 25) are intermediate in size when compared to types 
A and B, Bright field micrographs of type C (Figure 23a-c) 
appear equally transparent as type B (Figure 21). When 
viewed under phase microscopy, type C vesicles (Figure 2k) 
appear slightly darker than type B (Figure 20). Type C 
vesicles appear to originate from regions immediately beneath 
the plasma membrane (Figure 25). Both B and C vesicles were 
seen to expand to great volumes, often more than the initial 
volume of the parent cell (Figure 20 and 24). 
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During the later part of the round cell stage and 
during the cyst stage, zoospores adhere firmly to the surface 
of glass slides. Electron micrographs revealed that cell 
wall formation is initiated during the round cell stage 
(Figure 35)» Fibrillar vesicles near the zoospore surface 
were continuous with the plasma membrane and their contents 
appeared to form the initial cell wall (Figure 36). At a 
slightly later stage this fibrillar material is concentrated 
at the exterior surface of the cell wall. The portion of the 
cell wall near the plasma membrane is electron-transparent 
(Figure 35 and 37) as a result of the fusion of electron-
transparent vesicles with the plasma membrane and the dis­
charge of their contents (Figure 37). 
Nucleus and locomotor apparatus 
The nucleus in the round cell stage (Figure 32) appears 
similar in shape to that in the swimmer stage. It is pear-
shaped and maintains a persistent association with the 
kinetosomes (Figure 27). Despite the frequent observations 
of remnants of the flagellar ax onemes both in the immediate 
vicinity of the cell and embedded in the cytoplasm, the 
ax onemes were never found attached to kinetosomes in cells 
that had completed retraction or shedding (Figure 27). 
Study of several sets of serial sections supported this 
observation. The basal plates of the kinetosomes dissociate 
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from the plasma membrane (Figure 2?). At a later stage of 
rounding up the kinetosome with its basal plate is still 
present within the zoospore but is relatively distant from 
the plasma membrane (Figure 28), 
Profiles of retracted flagellar axonemes were often 
found in the cytoplasm just below the cell surface. These 
axonemes are not continuously surrounded by flagellar 
membranes. However, scattered membranous profiles are so 
located that they could be remnants of the flagellar membrane 
(Figure 33 and 3^). 
Flagellar retraction as well as shedding were observed 
in Phytophthora infestans zoospores during encystment. 
Shedding always occurred after the formation of a paddle at 
the flagellar tip. Sometimes flagella were shed shortly 
after paddle formation. At other times extensive flagellar 
shortening took place and the paddle was quite close to the 
zoospore body before detachment occurred. Transverse sec­
tions of paddles revealed flagellar axonemes to be coiled 
within a much expanded flagellar membrane (Figure 30 and 31)-
The degree of axonemal coiling varies. Relatively few 
axonemal profiles indicates that the axoneme is loosely coiled 
(Figure 30) and many profiles indicates a more tightly 
coiled condition (Figure 31)* During retraction the flagella 
shorten to such an extent that the flagellar paddles are 
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adjacent to the zoospore body (Figure 32) and are eventually 
resorbed. However, no arrangements of retracted axonemes 
were seen that suggested retraction in the coiled state. 
Some degree of disintegration of the characteristic 9 plus 
2 axonemal pattern was usually observed within paddles 
(Figure 30 and 31)* In paddles mastigonemes are attached to 
the flagellar membrane but were observed only along portions 
of the membranes that were adjacent to the axonemes (Figure 
31). Mastigonemes are hollow tubes with interior and exterior 
diameters of 5 nm and 15 nm respectively. 
Cytoplasmic organelles and inclusions 
There is no apparent change in the size or number of 
lipoidal vacuoles in the round cell stage. The distribution 
of endoplasmic reticulum and Golgi remains the same as that 
observed in the swimmer stage. In the early round cell stage 
there are many lipid inclusions (Figure 18), but in later 
phases they are no longer visible (Figure 35). Other 
organelles and inclusions show no discernable change from the 
previous stage. 
Morphology of the Cyst 
Cell surface 
The cyst stage is characterized by the cessation of 
movement. Rapid changes observed in the previous stages 
contrast with the quiescence that was evident in the cyst 
stage. The zoospore body is completely spherical 
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and is surrounded by a mature cell wall. The cell wall is 
70 nm thick and appears as two distinct layers in glutaralde-
hyde-osmium fixed material. The fibrillar material which 
was excreted in the round cell stage, appears as a fine 
electron-dense layer coating the electron-transparent inner 
layer of the wall (Figure 4l and 42). The cell wall in 
permanganate fixed zoospores appears as a single electron-
dense layer (Figure ^3 and 49). The plasma membrane is 
directly under the cyst wall and appears smoother than it 
does in the round cell stage (Figure 4-3). Vesicular mem­
branous aggregations resembling lomasomes (Eisner, et al. 
1970) were observed only a few times and only in the cyst 
stage. They are located between the plasma membrane and the 
cyst wall (Figure 40 and 41). 
Serial sections revealed that the now enclosed pocket 
area occupies a smaller volume (Figure 42) than in the pre­
vious stage (Figure 32). The thin cytoplasmic extensions 
which enclosed the pocket during the round cell stage, have 
expanded to such an extent that the pocket is removed from 
the cyst surface (Figure 42). 
Locomotor apparatus 
Despite their presence during the round cell stage, 
flagellar axonemes were never observed within the encysted 
zoospore. However, kinetosomes complete with basal plates 
were associated with the nucleus in the cell interior. 
;4 
Intra-nuclear microtubules were often seen in that portion 
of the nucleus nearest the kinetosome (Fipure 46). 
Cytoplasmic organelles and inclusions 
The nucleus is spherical or slightly suhspherical 
(Figure 41 and 49) in contrast to its pear shape in the 
swimmer stage. Instead of being pointed, the tip of the 
nucleus has a dimple-like cleft at the site of its associa­
tion with the kinetosome (Figure 46). 
The multivesicular body (Figure 39 and 41) is a cellular 
component unique to the cyst stage. Two or three of these 
bodies are found within each cyst and are always located in 
the area of the enclosed pocket. 
Lipoidal vacuoles and lipid bodies are still common cell 
components in the cyst stage (Figure 41, 42, 43, and 49). 
Profiles of endoplasmic reticulum were observed in 
various areas of the cell (Figure 43, 44, and 50). Cisternal 
endoplasmic reticulum are located directly under the plasma 
membrane (Figure 43) and around the periphery of the nucleus 
(Figure 41, 49, and 50)• 
A striking increase in the number of Golgi and ^olgi 
vesicles is apparent in the cyst stage. Golgi are located 
specifically between the nucleus and the enclosed pocket area 
(Figure 42). Golgi vesicles are pinched off the dilated edges 
of the membrane stacks (Figure 45). During the cyst stage the 
surrounding areas appear filled with vesicles (Figure 42 and 
45). 
DISCUSSION 
Zoospore encystment in Phytophthora infestans is an 
example of substantial cellular differentiation that takes 
place in a matter of minutes. It is accomplished by a com­
plex sequence of subcellular events involving all of the 
components of the cell. Reconstruction of these events 
from fixed Images in electron ruicrographs is only partially 
satisfactory. On the other hand the limits of resolution of 
the light microscope restrict assessment of events in 
living cells to gross changes in external morphology and 
behavior. A combination of light and electron microscope 
observations has increased our knowledge of the encystment 
process. 
Osmoregulatory Organelle 
The pocket area described in this study of Phytophthora 
infestans zoospores corresponds to some degree to the deep 
central portion of the groove region in Phytophthora 
megasperma zoospores (Ho, et al. 1968a; Ho, et a2. 1968b). 
The large vacuole beneath the groove in Phytophthora 
megasperma zoospores (Ho, et al. 1968b, Figure 5) was never 
observed in Phytophthora infestans zoospores. As the 
zoospore's shape changes from ovoid to spherical, the pocket 
area is closed over by cytoplasmic extensions or pseudopod-
like processes. By the time of retraction the pocket is 
enclosed. The enclosing of the pocket is a characteristic 
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event in zoospore encystment in Phytophthora infestans. No 
comparable phenomenon has been described in other fungus 
zoospores. Contractile vacuoles are so typical of other 
fresh water uni-cellular flagellates (Kudo, I966), it is not 
unreasonable to consider them as possible organelles in 
fungus zoospores. Although the pocket does not exhibit the 
large scale diastolic-systolic rhythm characteristic of con­
tractile vacuoles in protozoa, it may serve as a water expul­
sion vesicle of some type. Immediately after release from 
the sporangial case, zoospores increase in size presumably 
by the diffusion of water across the plasma membrane. The 
small vesicles which surround the pocket and often show con­
tinuity with the plasma membrane of the pocket were only 
observed in the swimmer stage. It is possible that during 
exposure to an aquatic environment, the time between release 
from the sporangial case and formation of the cell wall, 
zoospore3 of Phytophthora infestans require an osmoregulatory 
organelle. The morphological similarity of the pocket with 
its confluent vesicles to contractile vacuoles of certain pro­
tozoa (Manton and Leedale, I96I; Noirot-Timothee, i960) 
support the hypothesis that the pocket functions in this 
capacity. 
Protrusion Vesicles 
The blebbing and balloon-like liberation of vesicles 
from the cell surface is a regular feature of the encystment 
process. Cantino, Truesdell, and Shaw (I968) reported that 
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a fluorescent material was liberated from Blastocladiella 
emersonii zoospores just prior to flagellar retraction. 
Under phase contrast microscopy they observed vacuole-like 
bodies migrate to and erupt from the cell surface. Unfortu­
nately no photomicrographs of these vacuoles were published 
and it is difficult to compare them with the protrusion 
vesicles seen in Phytophthora infestans. Two other groups of 
investigators (Soli, Bromberg, and Sonneborn, 1969; Temmink 
and Campbell, 1969a) reported vesicles which apparently break 
through the cell surface, Temmink and Campbell (1969a) 
suggest that the vesicles are active in moving waste material 
out of the cell. There is no specific evidence to support the 
possibility that protrusion vesicles in Phytophthora infestans 
are involved in the excretion of metabolic waste. They may 
well be ; on the other hand, involvement with the mechanism of 
flagellar retraction or shedding might equally be the basis 
for these drastic alterations of the membrane surface. 
Fate of the Flagellar Membrane 
Speculations concerning the relationship between fla­
gellar retraction and zoospores as vectors of certain plant 
diseases have been recently introduced (Fry and Campbell, I966; 
Temmink and Campbell, 1969b). The key issue centers on the 
fate of the flagellar membrane during retraction. Temmink 
and Campbell (1969b) found structures resembling knots of 
wound-up membranes in young cysts of Olpidium brassicae and 
suggested that the retracted flagellar membrane breaks and 
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forms the coils. They hypothesize that tobacco necrosis virus 
enters the zoospore during retraction by adhering to the fla­
gellar membrane. After the encysted zoospore penetrates the 
root epidermal cell of the host, the virus is released into 
the host cytoplasm. However, the occurrence of mastigonemes 
over the surface of encysted zoospores of Rhizidiomyces 
aT30phvsatus (Puller and Reichle, I965) indicates that the 
flagellar membrane becomes part of the plasma membrane during 
retraction. It seems probable that the fate of the fla­
gellar membrane is dependent upon the mechanism of flagellar 
retraction. The wrap around mechanism (Reichle and Fuller, 
1967) might permit a part of the flagellar membrane to enter 
the zoospore body. The axonemes which were found within 
Phytophthora infestans zoospores lack the well defined fla­
gellar membrane present in the motile phase but profiles of 
membranous elements were located in such a way that they 
might be remnants of a flagellar membrane. The outer portion 
of the flagellar membrane may contribute to the plasma mem­
brane proper. However, no mastigonemes were observed on the 
plasma membrane or cyst wall to confirm this speculation. In 
young cysts of Phytophthora infestans unique structures, the 
multi-vesicular bodies, were often found near the pocket area. 
Multi-vesicular bodies were not observed in any other stage 
and it is possible that they may be remnants of a retracted 
flagellar membrane. However, if membrane contraction 
(Cantino, Truesdell, and Shaw, I968) is the cause of fla-
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gellar retraction, one would not expect to find any 
"left-over" membranes. 
Presumptive Mastigonemes 
A number of flagellated cells in a wide range of organ­
isms including protozoa, fungi, and algae bear tinsel fla­
gella. Tinsel flagella are characterized by fine lateral 
projections called mastigonemes, which are arranged in 
various ways along the flagellar length. Recent studies have 
suggested that mastigonemes develop within the nuclear enve­
lope (Bouck, 1969) or within endoplasmic reticulum (Leedale, 
Leadbeater, and Massalski, 1970; Heath, Greenwood, and 
Griffiths, 1970) prior to their attachment to the flagellar 
sheath. Presumptive mastigonemes in Ochromonas (Bouck, 1971) 
are initially assembled in distended portions of the nuclear 
envelope, transferred to the Golgi cisternae where they 
acquire lateral filaments, and finally extruded at the cell 
surface near the flagellar base. Membrane-bound packets of 
tubules similar in appearance to the presumptive mastigonemes 
of Ochromonas (Bouck, 1971) have been found in zoospores of 
Rhizidiomyces apophysatus (Fuller and Reichle, I965), 
Phvtophthora parasitica (Reichle, 1969b), and Phytophthora 
infestans (current study). Each of these species bears a 
tinsel flagellum. Packets or vesicles of tubules have not 
been observed in ultrstructural studies of zoospores which 
do not bear tinsel flagella. The association of packets of 
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tubules with those zoospores bearing tinsel flagella plus 
the similarity in diameter of the tubules and mastigonemes 
(15-17 nm) suggests that the tubules within the endoplasmic 
reticulum of Phytophthora infestans zoospores are presumptive 
mastigonemes. 
Fate of Flagella 
With the cessation of the motile phase, the flagella of 
Phytophthora infestans zoospores disappear. Both shedding 
and retraction of flagella were observed in this study. 
Reports in the literature indicate that flagellar retraction 
is widespread in fungus zoospores. There have been con­
tradictory reports of the mechanism of retraction for the 
same isolate of Blastocladiella emersonii, a posteriorly 
uni-flagellate zoospore. Reichle and Fuller (I967) favor a 
mechanism in which the flagellum wraps around the body of the 
zoospore with subsequent fusion of the flagellar and plasma 
membranes. Cantino et (I968) believe that the zoospore 
membrane of Blastocladiella emersonii contracts or decreases 
in surface area and since this membrane is continuous with 
the flagellar membrane, the axoneme is forced into the 
zoospore body. The push of the axoneme against the kineto-
some in turn causes a 270° rotation of the nucleus. In 
living, mechanically deflagellated cells rotation of the 
nuclear assembly never occurred, but always occurred in control 
cells. Koch (1968) suggested that the apparent contradiction 
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in reports of retraction results from the ability of zoospores 
to retract their flagella in more than one way. 
The observations of encysting zoospores of Phvtophthora 
infestans in this study support the membrane contraction 
hypothesis of flagellar retraction (Cantino et al. 1968). 
Contrary to the studies of Blastocladiella emersonii (Cantino 
-cit al. 1968) no appreciable nuclear rotation was observed 
during retraction in the bi-flagellate zoospores of 
Phvtophthora infestans. The variance in nuclear rotation 
might result from differences in body shape, cytoskeletal 
elements supporting the kinetosomes and nucleus, viscosity of 
the cytoplasm, geometric arrangement of the locomotor 
apparatus and nucleus, or manner of membrane contraction in 
each organism. The most apparent differences between the 
two organisms lie in body shape and the geometric arrangement 
of the nucleus, kinetosomes, and flagella. In Blastocladiella 
emersonii the longitudinal axes of the pear-shaped nucleus, 
the zoospore body, and the kinetosome are parallel (Figure 51 )• 
If a contraction of the enveloping membranes creates a force 
at the axonemal tip, the axoneme will be forced against the 
kinetosome and it in turn will push against the nucleus. If 
the line of action of the force does not pass through the 
nuclear center of mass, nuclear rotation will occur. This is 
apparently the case in Blastocladiella emersonii as evidenced 
by concurrent nuclear rotation and axoneme retraction (Cantino, 
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et al, 1968). The arrangement of nucleus, kinetosomes, and 
flagella is quite different in laterally bi-flagellate 
zoospores. In Phytophthora Infestans the longitudinal axes 
of the zoospore body and nucleus are perpendicular. Each 
kinetosome forms a 75° angle to the longitudinal axis of the 
nucleus (Figure 52 ), A contraction of the zoospore membrane 
forces the kinetosomes against the nucleus either directly 
or indirectly. The force transmitted along the anterior 
flagellum alone should cause nuclear rotation. However, the 
force along the posterior flagellum alone will cause opposite 
nuclear rotation. Since the magnitude (contracting membrane) 
and the direction (a 75° angle with the longitudinal axis of 
the nucleus) of the forces exerted on the kinetosomes are 
essentially identical, the nucleus will not rotate in either 
of these directions. However, there would be a resultant 
force which ought to cause nuclear rotation in a new direction 
perpendicular to the longitudinal axis of the zoospore body. 
It is difficult to assess nuclear movement in any direction in 
Phytophthora infestans by either phase contrast or electron 
microscopy because there are no easily recognizable refer­
ence points comparable to the single mitochondrion in the 
cytoplasm and the nuclear cap on the nucleus in Blastocladiella 
emersonii (Cantino et al, I968), Although no nuclear 
rotation was detected in living cells of Phytophthora 
infestans. electron micrographs of zoospores which had 
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retracted or shed their flagella revealed that kinetosomes 
with attached basal plates were dissociated from the plasma 
membrane and the cell periphery indicating that a force may 
have moved or rotated the nucleus. 
The force of the axoneme against the basal plate of the 
kinetosome presumably causes a compressive stress along the 
axoneme length. When this stress is stronger than the rigid­
ity of the axoneme, as it well might be during rapid membrane 
contraction and resistance to nuclear rotation, the axoneme 
would bend and coil at its base. The bead seen under phase 
contrast microscopy to form at the base of the flagellum and 
move in several seconds to the tip where it appears as a 
large, flat paddle may well represent such a coiling phe­
nomenon, The distal movement of the coil may result from the 
undulating movements characteristic of normal flagellar 
action (Couch, 19^1). The often observed movement of addi­
tional beads from the base of the flagellum to the tip may 
result from the formation and transport of more coils. The 
observation of concurrent flagellar paddle formation with 
flagellar shortening plus the arrangement of several axonemal 
profiles within paddles as seen in electron micrographs 
strongly supports the hypothesis that paddles and beads are 
caused by the coiling of the axoneme within' the flagellar 
membrane. 
Flagellar shedding was frequently observed in Phytophthora 
infestanso It always occurred after the formation of beads 
and paddles. Flagella often appeared to be cast or thrown 
off in a violent manner during the time the zoospore body 
was vibrating and changing shape. Continued force of the 
axoneme against the basal plate might cause compression 
damage or shear stress at this junction. In these cases 
flagellar detachment may occur rather than retraction, 
A survey of the literature regarding the fate of fla­
gella in fungus zoospores during encystment indicates that 
although there are exceptions, uni-flagellate zoospores 
characteristically retract their flagella whereas laterally 
bi-flagellate zoospores more frequently shed flagella 
(Table 1), Perhaps the difference in flagellar fate among 
fungus zoospores is not coincidental but reflects differences 
in geometric arrangement of the kinetosome and axoneme to 
the nuclear apparatus. Saprolegnia sp. appears to be a good 
system for the further examination of this hypothesis. 
Certain genera of the Saprolegniales produce two types of 
zoospores in their life cycle. Primary zoospores are released 
from sporangia, swim for a short time, and then encyst. But 
instead of producing a germ tube, each cyst releases a 
single secondary zoospore, Encystment and germination by 
germ tube follow the swimming period of secondary zoospores. 
Reports of flagellar fate in Saprolegnia sp. zoospores indi­
cate that primary zoospores retract their flagella and 
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secondary zoospores shed flagella (Table 1)» Body shape and 
flagellar attachment are quite different in each type of 
zoosporeo Primary zoospores are pear-shaped with both fla­
gella attached at the apex. Secondary zoospores are similar 
to Phytophthora infestans zoospores. They are kidney-shaped 
and bear two oppositely directed flagella on their concave 
side. Observations of nuclear movements in living, encysting 
cells and an ultrastructural examination of the relative 
positions of the nucleus, kinetosomes, and axonemes of both 
primary and secondary zoospores might clarify our present 
understanding of flagellar fate and its significance in 
fungus zoospores. 
Table 1, Reported fate of flagella 
during zoospore encystment in various Phycomycetes 
CHYTRIDIOMYGETES 
Chytridiales 
Olpidium brassicae (Sahtiyanci, 1962) 
Physoderma pulposum (Lingappa, 1959) 
Seutochytrium variabile (Koch, I968) 
Synchytrium brownii (Lingappa, 1958) 
Blastocladiales 
Allomyces macrogynus (Hill, I969) 
Biastocladie11a emersonii (Koch, I96O) 
Monoblepharidales 
Monoblephare11a sp. (Fuller and Reichle, 
1968) 
site of 
flagellar 
attachment 
0 
retrac­
tion 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
shedding 
no 
no 
some 
no 
no 
few 
no 
HYPOCHYTRIDIOMYCETES 
Hypochytriales 
Rhizidiomyces apophysatus (Fuller and 
Reichle, I965) 
Ô yes no 
Table 1 continued 
OOMYCETES 
site of 
flagellar 
attachment 
retrac­
tion 
shedding 
Peronosporales 
Phytophthora cambivora (McKeen, 1962) no yes 
Phytophthora capsioi (Katsura, et al. 1966) / no yes 
Phytophthora fra^ariae (McKeen, 1962) (i no yes 
Phytophthora infestans (current study) \ some yes 
Phytophthora meeasperma (Ho and Hickman, 
1967) \ no yes 
Phytophthora parasitica (Reichle, 1969a) 10-25# 75-90# 
Saproleg-niales sp. (Rothert, 1894; Crump and 
Branton, I966) 0 
primary zoospore A yes no 
secondary zoospore X no yes 
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SUMMARY 
1. The ontogeny of Phytophthora infestans zoospores 
was arbitrarily divided into three stages in order to facili­
tate an understanding of the complex sequence of events 
which occur during the encystment process. Zoospores in the 
swimmer stage were comma-shaped with a deep pocket on the 
concave side. Those in the round cell stage were subspheri-
cal and often had flagella with paddles. Zoospores in the 
encysted stage were spherical and surrounded by a cell wall. 
2. Cytoplasmic organelles and inclusions which were 
found in all zoospores include lipid bodies, endoplasmic 
reticulum, nucleus with nucleolus and nuclear envelope, 
mitochondria, lipoidal vacuoles, lomasomes, Golgi apparatus, 
and vesicles of various sizes and appearance, 
3« Striking alterations of the zoospore surface occur 
during the encystment process. The zoospore is surrounded 
by a unit membrane in the swimmer stage. As the zoospore 
rounds up and just prior to the disappearance of flagella, 
variously sized vesicles protrude from the cell surface. 
These vesicles might be involved with excretion of metabolic 
waste, osmoregulation, or flagellar retraction. During 
the round cell stage the fibrillar contents of vesicles near 
the cell surface are extruded to form the outer layer of 
the cell wall. Later electron-transparent vesicles fuse with 
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the plasma membrane to form the inner layer of the cell wall. 
The mature wall of the cyst stage appears as two distinct 
layers, a fine electron-dense outer layer and an inner 
electron-transparent layer. Zoospores adhere to the surface 
of glass slides at about the same time the cell wall is 
formed. 
4. During the swimmer stage the pocket is surrounded 
by many small electron-transparent, membrane-limited vesicles. 
Some of these vesicles fuse with the plasma membrane of the 
pocket. As in some algae and protozoa the the aquatic en­
vironment may make an osmoregulatory organelle advantageous 
and the pocket with its confluent vesicles may function in 
this capacity. 
5. Tubules found within cisternae of the endoplasmic 
reticulum are similar in size and appearance to the mastigo-
nemes of the anterior flagellum. The membrane-bound tubules 
probably are unattached mastigonemes in formation or 
transport. Mastigonemes, contrary to previous reports, 
arrise from the flagellar membrane and not from the ax one me. 
6. The contraction of the plasma membrane during 
encystment appears to force the axoneme against the basal 
plate and cause it to coil. Flagellar paddles are then 
formed as a result of continued membrane contraction and 
axonemal coiling, 
7o The frequency of flagellar shedding in Phytophthora 
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infestans zoospores may result from resistance to free 
nuclear rotation due to the shape of the zoospore and the 
geometric arrangement of kinetosomes and axonemes in relation 
to the nuclear apparatus. 
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APPENDIX A: FIXATION, DEHYDRATION, AND EMBEDDRENT 
Fixation 
1. Clutaraldehyde fixation 
Phosphate buffered 3% glutaraldehyde (Sabatini, Bensch, 
and Barrnett, I963) was used with post-fixation in osmium 
tetroxide, 
a. Preparation of phosphate buffer (Lillie, 195^)' 
0.1 M KHgPO^ 24 ml 
0,1 1 MagHPO^ 26 ml 
Final pH should be about 6.8. 
b. Preparation of fixative: 
Add 1 ml 50^ glutaraldehyde to 15 ml phosphate 
buffer for a fixation solution of glutaraldehyde. 
c. Fix specimens 1 to 2 hours at room temperature. 
d. Pellet sporangia in agar or apply zoospores to 
agar-coated mica slide. 
e. Rinse three times for 10 minutes in phosphate buffer, 
f. Post-fix specimen in osmium tetroxide. 
2. Osmium tetroxide post-fixation 
Phosphate "buffered 1% osmium tetroxide (Millonig, I96I) 
was used for post-fixation. 
a. Dilute 2f{ aqueous osmium tetroxide with an equal 
volume of the phosphate buffer prepared for glutar-
aldehyde fixation. 
bo Fix specimens for ? hour at room temperature. 
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c. Rinse two times in distilled water for 5 minutes 
each. 
3. Permanganate fixation 
Unbuffered 4$ aqueous potassium permanganate (Luft, 
1956; l-ollenhauer, 1959) was used, 
a. Fix specimens 15 to 30 minutes at room temperature. 
b. Rinse two times in distilled water for 5 minutes 
each. 
Dehydration and Embeddment 
Specimens were dehydrated and embedded in Epon 812 
(luft, 1961) at room temperature. 
1. Dehydration 
a. 5 minutes each in 30» 50, 70, 95^ ethanol. 
b. 5 minutes in 0.5^ eosin in 955^' ethanol. 
c. Three rinses of 5 minutes each in 100% ethanol, 
d. Three rinses of 5 minutes each in propylene oxide. 
2. Embeddment 
a. Preparation of Epon mixtures: 
1) fixture A 
Eoon 812 62 ml 
DDSA (Dodecenyl succinic anhydride) 100 ml 
2) iviixture E 
Epon 812 100 ml 
NliA (Nadic methyl anhydride) 89 ml 
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3) Add 3 parts mixture A to 2 parts mixture B 
and stir well. Add DMP-30 at the rate of 
0.2 ml per 10 ml Epon mixture. Mix thoroughly. 
15» 30, and ^5 minutes in the respective Epon-
propylene oxide mixtures of 1:3, 1:1, 3:1. 
Over-night infiltration in pure Epon. 
Step-wise polymerization at 35° C for 8 hours, ^ 5° 
C for 8 hours, and 60° C for 3 days. 
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APPJÎHDIX B; FIGURES 
Key to Abbreviations Used in Figures 
BP basal plate P plasma membrane 
CW mature cell wall Pk pocket 
ER endoplasmic reticulum PV pocket vesicles 
F flagellum 
^a,b 
protrusion vesicles 
f c 
FA flagellar axoneme RER rough endoplasmic 
reticulum 
FM flagellar membrane SC sporangial case 
FP flagellar paddle 
T membrane-bound tubules 
FV fibrillar vacuoles 
U uncharacterized body 
G Golgi 
GV Golgi vesicles 
ICW immature cell wall 
Kt kinetosome 
L lipid 
Lo lomasomes 
LV 
M 
Kg 
lipoidal vacuoles 
mitochondria 
mastigonemes 
i..t microtubules 
MVB 
N 
I\u 
multivesicular body 
nucleus 
nuclear envelope 
nucleolus 
Figure 1. Phase contrast photomicrograph of indirect 
germination. Three zoospores have "been 
released and four are still within the 
sporangial case (SC). 126$ X, 
Figure 2, Phase contrast photomicrograph of a living 
zoospore in the swimmer stage. Note pocket 
(Pk) on concave side and position of fla­
gella (F). 1650 X. 
Figure 3« Longitudinal section of a zoospore in the 
swimmer stage. Note nucleus (N), pocket (Pk), 
lipoidal vacuoles (IV), lipid (L), mitochondria 
(M), Golgi (G). 16,300 X. 
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Figure 4. Transverse section through the anterior portion 
of a zoospore in the swimmer stage, Mote 
nucleus (M)» pocket (Pk), lipoidal vacuoles (LV)i 
lipid (L), mitochondria (M), uncharacterized 
"bodies (U), kinetosome (Kt), site of flagellar 
attachment site (unmarked arrow). 15,300 X. 
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Figure 5» Longitudinal section through an atypical double 
zoospore with duplicate internal anatomy. 
Note similar cellular structures; nuclei (N), 
pocket (Pk), lipoidal vacuoles (LV), lipid (L), 
mitochondria (M), kinetosome (Kt), uncharacter-
ized body (U). 14,700 X, 
1.01* 
\- c# 
Figure 6. Pocket area of zoospore in the swimmer stap:e. 
Note pocket vesicles (PV) which show continuity 
with the plasma membrane (P) of the pocket (Pk). 
40,700 X. 
Figure 7. Transverse section of the surface of a zoospore 
in the swimmer stage. Note slightly undulating 
plasma membrane (P) and electron-transparent 
areas immediately beneath the membrane (unmarked 
arrow). Note membrane-bound uncharacterized 
body (U) with electron-transparent bars. 
40,700 X. 
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Figure 8, Portion of the locomotor apparatus of a 
zoospore in the swimmer stage. Note longi­
tudinal section of the flagellum, association 
of the basal plate (BP) to the plasma mem­
brane (P), fibrillar connection (unmarked 
black arrow) between the two kinetosomes (Kt), 
association of the nucleus (N) and kinetosome 
(white arrow). ^0,k00 X. Transverse sections 
of the locomotor apparatus in figures 9» 10, 
11, and 12 represent areas W, X, Y, and Z 
respectively in figure 8, 
Figure 9« Transverse section of a kinetosome (Kt), section 
W of figure 8. Note typical pattern of 9 sets 
of triplet fibrils. Pf.^OO X. 
Figure 10. Transverse section of the zoospore just distal 
to the basal plate, section X of figure 8, 
82,500 X. 
Figure 11. Transverse section of the flagellum just distal 
to the zoospore body, section y of figure 8. 
Note cylindrical structure (unmarked arrow). 
82,500 X. 
Figure 12. Transverse section of the flagellum, section 
Z of figure 8, Note typical 9 plus 2 arrange­
ment of flagellar fibrils, 82,500 X. 

Fis'ure 13. Transverse section of zoospore in swimmer 
stage showing typical cytoplasmic inclusions. 
Note lipid (L), lipoidal vacuoles (IV), dish-
shaped mitochondria (M) with cristae in 
parallel array, endoplasmic reticulum (ER), 
40,700 X. 
Figure 14. High magnification of enclosed area of figu.re 
13 showing endoplasmic reticulum (ER) appressed 
to lipoidal vacuoles (LV). 81,500 X. 
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Figure 1$. Phase contrast photomicrograph of zoospores in 
the round cell stage. Note protrusion vesicles, 
type a (?&) and flagella (F), 15^0 X. 
Figure l6. Photomicrograph showing protrusion vesicle, 
type a (P^J. Paragon stain. 3IOO X, 
Figure 1?, High magnification of zoospore surface in the 
round cell stage. Note plasma membrane (P) 
and electron-dense contents of protrusion vesi­
cle, type a (P^). 39,800 X. 
Figure 18. Portion of a zoospore in the round cell stage. 
Note protrusion vesicle, type a (Pa)» 19»700 X. 

Figure 19. Portion of a zoospore in the round cell stage. 
Note pear-shaped nucleus (N), kinetosome (Kt), 
and protrusion vesicles, type b (Fb). 13,440 X. 
Figure 20. Phase contrast photomicrograph showing protru­
sion vesicles, type b (PtJ, type a (Po)» and 
flagella (F). 1265 X. 
Figure 21. Photomicrograph showing protrusion vesicle, 
type b (Pb). 3124 X. 
Figure 22. High magnification of zoospore surface in the 
round cell stage showing the occasional patches 
of electron-dense material characteristic of 
protrusion vesicle, type b (P^). 38,800 X. 
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Figure 23a-e, Photomicrograph of longitudinal, serial 
sections of a zoospore in the round cell 
stage. Note two protrusion vesicles, type 
c (Pc), pocket (Pk), nucleus (N), nucleolus 
(Nu). Paraxon stain. 3120 X, 
Figure 24. Phase contrast photomicrograph showing 
protrusion vesicle, type c (Pn). Note 
flagellum (P). 1265 X. 
Figure 25. High magnification of protrusion vesicle, 
type c (Pc). 40,700 X. 
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Figure 26a-f. Phase contrast photomicroprraphs of a livinp: 
zoospore showing encystment with flagellar 
shedding. Total time of sequence was 10 
minutes. 15^0 X. 
a). Swimmer stage. Note pocket (Pk), nucleus (N). 
b). Swimmer stage. Note flagellum (F). 
c). Round cell stage. Note subspherical 
shape of zoospore body and flagellar 
bead (unmarked arrow). 
d). Round cell stage. Note flagellar 
paddle (FP). 
e). Cyst stage. Note detached flagellar 
paddle (FP). 
f). Cyst stase. Note spherical shape of 
zoospore body, detached flagellar 
flagellar paddle (FP), and textured 
cell surface. 
Figure 27. Portion of a zoospore in the round cell stage. 
Note partial dissociation of basal plate (BP) 
from the plasma membrane (P), absence of the 
flagellar axoneme at the basal plate. 
37,800 X. 
Figure 28. Portion of a zoospore at a sligh+ly later 
stage than than in figure 27. Note removal 
of kinetosome (Kt) and basal plate (BP) from 
the plasma membrane And the cell periphery. 
37,800 X.  
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Figure 29a-c. Phase contrast photomicrographs of zoospores 
showing encystment with flagellar retraction. 
1540 X. 
a). Zoospore with flagellar paddle (FP) on 
one flagellum (F). Note the apparent 
double of flagellar axoneine at the 
bottom of the paddle and the single 
coil at the top. 
ID), Zoospore with saddles (FP) on "both 
flagella. 
c). Flagella shorten and paddles are adja­
cent to zoospore body. 
Figure 30. 
Figure 3I. 
Figure 32. 
Transverse section of flagellar paddle (FP) 
reveals similar coiling to that shown in 
figure 29a. Note flagellar axoneme (FA) 
within flagellar membrane (FM), 42,700 X. 
Transverse section of flagellar paddle. 
Note mastigonemes (Mg) which arise from 
the flagellar membrane (FK). 30,700 X. 
Longitudinal section of zoospore in the 
round cell stage. Note closed over pocket 
(Pk) and flagellar paddles (FP) adjacent 
to zoospore body. 14,000 X. 
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Figure 33* Longitudinal section of a retracted flagellar 
axoneme (FA) located just beneath the plasma 
membrane (P). Note absence of a continuous 
flagellar membrane. 40,700 X. 
Figure 34. Transverse section of a retracted flagellar 
axoneme (FA). Note possible remnants of fla­
gellar membrane (FM) within the cytODlasm. 
40,700 X. 
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Portion of a zoospore in the late round cell 
stage. Note nucleus (N), lipoidal vacuoles 
(LV), mitochondria (M), absence of lipid. 
Stage of initial cell wall (ICW) formation 
similar to that in figure 37- Note fibrillar 
(Fb)layer and electron-transparent layer beyond 
an irregular plasma membrane (P). 13,000 X. 
Transverse section of cell surface in round 
cell stage just prior to phase shown in Figure 
35. Note formation of the fibrillar layer (Fb) 
by the dissolution of fibrillar vacuoles (FV) 
at the cell surface, 35f900 X. 
Transverse section of cell surface in round 
cell stage. Note the participation of electron-
transparent vesicles in formation of the 
electron-transparent layer of the wall (unmarked 
arrows), plasma membrane (P), and fibrillar 
layer (Fb) concentrated on the outer portion of 
the immature cell wall. 35»900 X. 
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Figure 38. Phase contrast photomicrograph of a zoospore 
in the cyst sta^e. I265 X. 
Figure 39. High magnification of a multivesicular body 
(T'lVB ), a cell structure unique to the cyst 
stage. 35»000 X. 
Figure 40. Portion of the cell surface of a zoospore in 
the cyst stage showing lomasomes (Lo) located 
between the plasma membrane (P) and the mature 
cell wall (CW). For orientation see lomasomes 
(Lo) in figure 41, 47,400 X. 
Figure 41. Transverse section of a zoospore in the cyst 
stage. Note subspherical nucleus (M), nucleolus 
(Nu), rough endoplasmic reticulum (RER), Golgi 
(G), membrane-bound tubules (T), multivesicular 
body (MVB), lomasomes (Lo), lipoidal vacuoles 
(LV), mitochondria (M), mature cell wall (CW). 
14,600 X. 
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Figure 42. Transverse section of a zoospore in the cyst 
stage showing the region between nucleus (N) 
and enclosed pocket (Pk). Note numerous Golgi 
(G) and Golgi vesicles (GV), nucleus (N), 
nuclear envelope (NE), rough endoplasmic reticu­
lum (RER), lipoidal vacuoles (LV), mitochondria 
(K) with tubular cristae, mature cell wall (CW), 
41,700 X. 

Figure 43. 
Fijfure 44, 
Figure 45. 
Figure 46. 
Figure 4?» 
Figure 48. 
Transverse section of a zoospore in the cyst 
stage. Note electron-dense cell wall (CW), 
endoplasmic reticulum (ER) just "beneath the 
plasma membrane (P), lipoidal vacuoles (LV). 
Permanganate fixation. 39»800 X, 
Profiles of endoplasmic reticulum (ER) prevalent 
in all parts of the cell. Permanganate fixa­
tion. 39,800 X. 
Transverse section of Golgi apparatus (G) and 
Golgi vesicles (GV) near nucleus (N). Note 
formation of a Golgi vesicles "by a process of 
pinching off (unmarked arrow). Permanganate 
fixation. 39,800 X, 
Transverse section of a kinetosome (Kt) and 
"basal plate (BP) within the cytoplasm of the 
cyst stage. Note nucleus (N), nuclear envelope 
(NE), and intranuclear microtubules (unmarked 
arrows). 39,400 X. 
Transverse section of tubules (T) within 
endoplasmic reticulum (ER). 95»000 X. 
Longitudinal section of tubules (T) similar 
to those shown in figure 47. 95»000 X. 
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Figure 49. 
Pifure 50» 
Transverse section of a zoospore in the cyst 
stage. Note nucleus (N), endoplasmic reticulum 
(ER), liiDoidal vacuoles (LV), mitochondria (ivi), 
cell wall (CV/). Permanganate fixation. 13,500 X. 
High magnification of enclosed area in figure 
49. Note endoplasmic reticulum (ER) near nuclear 
envelope (NE), 40,400 X. 
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Figure 51® Diagram of the uni-flagellate zoospore of 
Blastocladiella emersonii. Longitudinal 
axes of the kinetosome and nucleus are parallel. 
Note nucleus (N), nuclear cap (KC), nucleolus 
(Nu), kinetosome (Kt), "basal plate (BP), 
mitochondria (M), flagellum (F). 
Figure 52. Diagram of the bi-flagellate zoospore of 
Phvtophthora infestans. Each kinetosome 
forms a 75° angle to the longitudinal axis 
of the nucleus. Note nucleus (N), pocket (Pk), 
kinetosome (Kt), basal plate (BP), flagella (F). 
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